The six-layered neocortex is a uniquely mammalian structure with evolutionary origins that remain in dispute. One long-standing hypothesis, based on similarities in neuronal connectivity, proposes that homologs of the layer 4 input and layer 5 output neurons of neocortex are present in the avian forebrain, where they contribute to specific nuclei rather than to layers. We devised a molecular test of this hypothesis based on layer-specific gene expression that is shared across rodent and carnivore neocortex. Our findings establish that the layer 4 input and the layer 5 output cell types are conserved across the amniotes, but are organized into very different architectures, forming nuclei in birds, cortical areas in reptiles, and cortical layers in mammals.
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development | telencephalon | vertebrate evolution T he evolutionary origins of the mammalian neocortex have been the subject of debate for over a century (1) (2) (3) . Although the six-layered neocortex is remarkably well conserved in all extant mammals, it is not present in our closest living relatives, the reptiles and birds. Birds in particular are an extremely successful radiation with large brains, but the bird dorsal telencephalon does not include a morphologically identifiable cortex; it is, instead, a collection of nuclei (4) .
Studies of the neurochemistry, anatomy, and physiology of the central region of the bird telencephalon, which is called the dorsal ventricular ridge (DVR), have shown conclusively that the DVR is a pallial structure (2) . In mammals the pallium (dorsal telencephalon) includes the neocortex and the nuclei of the piriform lobe, specifically the claustrum and parts of the amygdala. A classical hypothesis that has attracted renewed interest from modern neuroembryologists and neuromorphologists proposes a field homology between the nuclei of the bird DVR and the mammalian piriform lobe nuclei, including the amygdala (5, 6) . A second, more controversial hypothesis proposes that, despite the gross differences in morphology between bird DVR and mammalian neocortex, these structures share a homology (7) (8) (9) .
The best evidence for neocortex-DVR homology lies in their circuitries. Both the mammalian neocortex and avian DVR receive ascending sensory input from the thalamus, and both send outputs to brainstem premotor areas. These input and output territories form specific, well-defined populations of neurons in both mammals and birds. In mammals, layer 4 neocortical neurons receive thalamic input, and layer 5 neocortical neurons project to the brainstem. In birds there are separate DVR nuclei that receive projections from the thalamus or send axons to the brainstem. The most developed version of the neocortex-DVR hypothesis proposes homology between these input and output neurons at the cell-type level (7); specifically, that the layer 4 input (L4/I) and layer 5 output (L5/O) neurons of the neocortex share a common ancestry with neurons that populate the input and output nuclei of the DVR.
These two prevailing hypotheses about DVR homology are in direct conflict; one is a field homology argument comparing the DVR with piriform lobe nuclei based on morphology and regional position, and the other is a cell-type homology argument based on similarities in circuitry. Our approach has been to test the cell-type homology hypothesis directly by documenting additional traits of layer 4 and layer 5 neurons and looking for any conservation in neurons of specific DVR nuclei.
Studies over the past decade from a number of laboratories have identified mRNAs that are expressed in subsets of neocortical neurons (10) . Some of these genes are enriched in neurons in specific layers, including layers 4 and 5. If the neocortical cell-type hypothesis is correct, a clear prediction is that some of the layer 4 and 5 cell type-specific molecular markers should be expressed in the thalamic input and the brainstem output nuclei of the DVR. For these experiments, we identified mammalian layer 4 and layer 5 markers by comparing mouse and ferret neocortical gene expression patterns. We then studied the expression of these marker genes in the telencephalon of two birds and one reptile (Fig. 1) . Our findings fully affirm the celltype homology hypothesis. Thus, the dissimilarities in pallial morphology seen across mammals, reptiles, and birds reside not in the core input and output cell types, but in the malleability of neuronal cellular morphology and in the structure and organization of neuronal assemblies.
Results

Molecular Evidence for a Neocortical Cell-Type Homology Between
Mammals and Birds. Sensory inputs to the mammalian neocortex are relayed by the dorsal thalamus and terminate densely on neurons in neocortical layer 4 ( Fig. 2A) . The dorsal thalamus is also the major source of ascending sensory input to the bird DVR, which is targeted to specific nuclei. For example, visual information from the optic tectum is relayed by nucleus rotundus of the avian thalamus to neurons in the entopallium of the DVR (11) (Fig. 2D) , and the thalamic auditory nucleus ovoidalis sends projections to neurons in Field L (8) . Single-unit physiology has confirmed that visual stimuli activate neurons in the entopallium and that Field L neurons respond to sound (8, 12) . In both neocortex and the DVR, there are excitatory interneurons that link the input neurons to output neurons projecting to brainstem. These output neurons are in layer 5 of the neocortex and in the arcopallium nuclear complex of the DVR (13) (Fig. 2 A and D) . The claim of the neocortical-DVR homology hypothesis is that the principal input and output neurons of the mammalian neocortex and the avian DVR are homologous to each other at the level of neuronal cell type: the thalamorecipient neurons in neocortical layer 4 are homologous as input cell types to neurons in the avian entopallium and Field L, and brainstem projection neurons in neocortical layer 5 are homologous as output cell types to neurons in the avian arcopallium (9) . This cell-type homology is based on one feature of these neurons: their fiber connections. If this proposed homology is correct, then other traits that distinguish layer 4 and layer 5 cell types should identify the proposed homologous cell types in the avian DVR. Here we use gene expression to test for conservation of molecular identity between the mammalian and avian input and output neurons.
We identified from the literature, the Allen Brain Atlas (14) and the CORTx browser (15) , three robust markers of mouse neocortical layer 4 neurons: Eag2/Kcnh5, a potassium ion channel gene (16, 17) ; Rorb/Nr1f2, a transcription factor gene (18) ; and Whrn/Dfnb31 (14), which encodes a cytoplasmic protein (Figs. S1 and S2). Mice, like primates, are in the mammalian superorder Euarchontoglires. To assess these genes as general markers of mammalian layer 4 neurons, we isolated cognate cDNAs from the ferret (19) , which lies in the other large mammalian superorder, Laurasiatheria (20) (Fig. 1) . In mouse neocortex, Eag2 and Rorb are mainly restricted to layer 4 ( Fig. 2 B and Fig. S1 ). Rorb-expressing neurons form a subset of Eag2-expressing neurons, particularly outside primary sensory areas where Rorb is more weakly expressed (Fig. 2C ). Both markers are also detected in far fewer neurons in layers 3 and 5. In the ferret, RORB and EAG2 are also layer 4 markers (19) . Whrn is enriched in mouse layer 4, but in ferret neocortex WHRN is expressed prominently in layer 5 ( Fig. S1 ) and was dropped from further analysis.
We tested the cell-type homology hypothesis in two distantly related avian species, the chicken (a game bird) and the zebra finch (a songbird) (21) (Fig. 1) . In both species, we found that the orthologous layer 4 marker genes EAG2 and RORB are intensely expressed in most neurons in the entopallium and Field L, as predicted by the cell-type homology hypothesis (Fig. 2 E and G, and Fig. S3 ). Two-color fluorescence experiments in chicken established that RORB-expressing neurons in the DVR are a subset of the EAG2-expressing neurons, as they are in mouse neocortex ( Fig. 2F and Fig. S4 ). One prominent feature of neocortical layers, which is particularly clear with the layer 4 marker Eag2, is that they form a continuous band across the neocortex (16), linking for example the primary sensory areas with each other. Although the entopallium and Field L are distinct nuclei, the marker EAG2 demonstrated that these cell populations are connected by EAG2-positive cell bridges (Fig. S3C) .
We identified seven selective markers of L5/O neocortical neurons that are shared between mouse and ferret ( Fig. 2B and Fig. 1 . Amniote phylogeny highlighting the taxa investigated. Species selected have been extensively studied in systems neuroscience: two mammals, the house mouse (Mus musculus) and the ferret (Mustela putorius furo); one reptile, the red-eared turtle (Trachemys scripta elegans); and two birds, the chicken (Gallus gallus) and the zebra finch (Taeniopygia guttata). Rodents and primates are in the mammalian superorder Euarchontoglires. Carnivores such as the ferret are in the superorder Laurasiatheria. Recent molecular timescale analysis dates the divergence of these superorders at ∼97 Mya (50) . Game birds such as the chicken, and passerines such as the zebra finch, are also deeply separated, with the divergence between the Galloanserae clade and the Neoaves clade placed at ∼122 Mya (51) . Nonavian reptiles are a paraphyletic group (green disk): there is no common ancestor for all reptiles that is not also an ancestor to birds (yellow node). Turtle phylogeny remains deeply controversial. Illustrated is the classical placement of turtles in a sister group to diapsids. This phylogeny retains some support (52) . With this phylogeny there are three radiations of reptiles, each of which presents a dorsal cortex in extant taxa (31) . There are prominent alternative phylogenies which conflict. Morphological analyses (53) place turtles within Diapsida as a sister group to squamates (lizards and snakes) and sphenodon (tuatara). Molecular analysis (54) also places turtles in Diapsida, but as a sister group of archosaurs (crocodiles and birds). In either of these alternative arrangements, reptiles remain a paraphyletic group with more than one radiation. Red node, last common ancestor of extant amniotes. (14, (22) (23) (24) (25) (26) (27) . We found that the chicken orthologs of six of these layer 5 markers (ER81, FEZF2, CAC-NA1H, PCP4, SULF2, and TMEM200A) are strongly expressed in the chicken arcopallium, the source in the avian DVR of longdistance output projections (Fig. 2H and Fig. S5 A-F) . KCNN2 expression patterns were inconclusive because this mRNA was detected only as small puncta throughout the adult chicken dorsal telencephalon (Fig. S5G) . We studied one L5/O marker, ER81, in the zebra finch. The zebra finch arcopallium, including the robust nucleus (RA), a known source of projections to brainstem vocal motor neurons (28), intensely expressed ER81 (Fig. 2I) . These findings, that eight confirmed neocortical layer 4 and 5 cell-type markers are enriched in the predicted avian DVR nuclei, provide strong molecular support for cell-type homology between the input and output neurons of the avian DVR and those of the neocortex.
Molecular Organization of the Wulst. In the bird telencephalon dorsal to the DVR sits a collection of interconnected nuclei called the Wulst. The Wulst, like the DVR, has a transtelencephalic circuitry similar to that of the neocortex (Fig. 3A) ; it receives lemniscal thalamic input for vision and somatic sensation and is a source of projections to brainstem. As in the DVR, the input and output neurons are segregated into separate nuclei. The thalamic input to the Wulst terminates in a thin, radially oriented nucleus called the interstitial part of the hyperpallium apicale (IHA). Extratelencephalic output from the Wulst originates in the hyperpallium apicale (HA), which flanks the IHA dorsomedially (29, 30) . The cell-type homology hypothesis strongly predicts that these Wulst input and output neurons will share the molecular profile of the L4/I and L5/O neurons of the DVR and the neocortex. This is what we found. EAG2 and RORB mRNAs are concentrated in the IHA, and the layer 5 markers ER81, FEZF2, PCP4, and SULF2 are intensely expressed in the HA (Fig. 3 and  Fig. S6 ).
Turtle Cerebral Cortex Has a Layer 4 Cell Type. Reptiles have both a DVR and a cerebral cortex. The reptile cerebral cortex is not a neocortex because it consists of three layers, with pyramidal cells densely packed only in layer 2 (31) . The pyramidal neurons are excitatory and are known to receive inputs from the thalamus and to project to subcortical targets (32) . These observations led to a completely different hypothesis about neocortical origins (3, 33, 34) . This hypothesis holds that the three-layered cortex of reptiles is ancestral; that the reptilian cortical pyramidal neurons are homologous only to deep-layer neocortical projection neurons; and that the superficial layers of the neocortex, including the L4/I neurons, are a mammalian innovation. According to this hypothesis, layer 4-like neurons in avian pallium would represent convergent evolution. The alternative to this hypothesis, that L4/ I cell types are conserved between birds and mammals, would require that reptiles have lost L4/I cell types. This "reptile loss of layer-4 cell types" is a challenging position to maintain because (nonavian) reptiles are a paraphyletic group with multiple branches (Fig. 1) , thereby entailing multiple independent losses of L4/I cell types.
We explored a third possibility, that reptile cortex contains a molecularly distinct population of L4/I neurons. We investigated the expression patterns of the L4/I markers EAG2 and RORB and the L5/O marker ER81 in the well-studied red-eared turtle (32, 33) . We found that EAG2 and RORB are expressed in layer 2 of turtle cortex, establishing the presence of the L4/I cell type in reptile cerebral cortex (Figs. 4 A and D and 5B). Both molecular markers are restricted to the anterior half of the cortex, with strong expression in cortical area D2 rostrally. Turtle dorsal cortex is dominated by visual sensory processing (32, 33) . Desan (35) identified the cortical targets of ascending visual thalamic input with transneuronal transport of radiolabeled proline from the turtle retina. These projections terminated in outer layer 1 of rostral cortical area D2 (Fig. 4 E and F) , closely matching the areal distributions of the EAG2/RORB-expressing cells. These observations establish that molecularly defined L4/I cell types are present in the cerebral cortex of at least one reptile, the turtle, where they populate a cortical territory that receives transthalamic sensory input.
The L5/O marker ER81 is also present in turtle cortex, being densely expressed in the posterior two-thirds of the dorsal cortex, with scattered cells anteriorly (Figs. 4 C and D and 5C ). Near the center of the dorsal cortex, there is a broad transitional territory where L4/I and L5/O marker genes are prominently expressed (Figs. 4 B and D and 5) . Two-color in situ hybridization (ISH) demonstrated that in the region of overlap, the L4/I and the L5/O molecular markers are expressed by different cells (Fig. 4D) . Thus, the turtle dorsal cortex is organized into distinct cortical fields, an anterior field of L4/I neurons that receives ascending thalamic input, a posterior field enriched in L5/O neurons, and a central transitional field with both cell types, which also receives transthalamic visual input (Figs. 4 and 5 ). An organization of three-layered cerebral cortex into cortical fields is not unusual. An analogous example is provided by the mammalian hippocampus, a three-layered cortex with separate fields, CA1 and CA3, containing pyramidal cells that differ in their connections and their molecular identities and that have between them a transitional field, CA2 (36) .
Discussion
Birds are with mammals the animals with the largest brains for their body size (1); they represent a tremendously successful radiation of vertebrates, with a range of impressive behavioral specializations and cognitive abilities (37-39). Our aim in this study was to test a specific hypothesis, first set forth by Karten in 1969 (7) , that the core pallial neuronal network responsible for these specializations and abilities is conserved between birds and mammals.
Our results affirm Karten's hypothesis and establish that the neuronal circuitry of the avian pallium features cell types with the connectional and molecular properties of neocortical input and output neurons. The finding that multiple traits, including the selective expression of transcription factor and ion channel genes, identify input and output cell types in the dorsal telencephalon of two taxa of mammals and three taxa of birds and reptiles provides strong support for L4/I and L5/O cell-type (35) to illustrate visual system input to turtle cerebral cortex at levels corresponding to the ISH cross-sections illustrated (E for A and C; F for B and D). The pyramidal layer is filled in black, and the axon terminals are charted in blue stippling. Transthalamic visual input targets the outer layer of rostral cortical area D2, where neurons expressing the L4/I marker genes are found. D1 and D2, medial and lateral halves of the dorsal cortical area (35); DM, dorsomedial cortical area; DVR, turtle dorsal ventricular ridge; L, lateral cortical area, which is the target of olfactory bulb input (35) ; PT, pallial thickening, which appears at the lateral edge of the dorsal cortical area and is placed by Desan within area D2 (35); St, striatum. homology across the amniotes. This conservation at the level of cell type stands in sharp contrast to the substantial diversity in the structural arrangement of these tissues, which form cortical layers in mammals, cortical fields in the turtle, and nuclei in the DVR and the avian Wulst (Fig. 6 ). In the face of these differences, one notable similarity is the tendency of these cell types to form continuous territories, as seen for the layers across the mammalian neocortex, the cell bridges between the input nuclei of the avian DVR, and the continuities between the turtle cortex and DVR at the anterior and posterior ends of the telencephalon (Fig. S3C and Fig. 5 ). There is no fossil record for internal brain organization, so we cannot know how L4/I and L5/O cells were organized in the most recent common ancestor of the amniote crown group. An attractive speculation is that the ancestral amniote pallium, whether nuclear or cortical in structure, featured L4/I and L5/O cell types that were aggregated into separate tissue compartments and were, as in the turtle, segregated along the anterior/posterior axis.
In the canonical neocortical circuit, layer 4 projects to upper layers 2 and 3 (L2/3), which in turn connects with layer 5 ( Fig.  2A) . A natural question is whether L2/3-type excitatory interneurons are also conserved in avian pallium. Recently, Suzuki et al. (40) proposed that molecularly defined L2/3 neurons are present in chick pallium. Although their specific claims are problematic (two of their three proposed upper-layer markers are expressed in all neocortical layers in the mouse; SI Text and Figs. S7 and S8), this important point warrants further study.
For many vertebrate neural cell types, such as the constituent neurons of the spinal cord and brainstem, the developmental mechanisms underlying cell-fate determination have benefited from investigation in model systems other than the mouse. Indeed, for the neural crest and telencephalic GABAergic neurons, there is evidence that many features of developmental specification are conserved from lampreys to mammals (41, 42) . The major cell types to escape this comparative approach are the excitatory neurons of the neocortex. The finding of molecularly defined L4/I and L5/O neurons across amniotes now permits other developmental models, such as the chicken embryo system, to be applied to the study of neocortical cell-type specification. This advance will be particularly important for understanding L4/I development; this cell type is challenging to study in mammals because layer 4 is thin and difficult to dissect (15) and its neurons cannot be retrogradely labeled from distant targets, a strategy that proved crucial in identifying L5/O determinants (26) . The L4/I nuclei in the chick are large and readily distinguished from adjoining nuclei even during late embryogenesis, which will allow for RNAseq searches for L4/I determinants.
Because the amniote L4/I and L5/O cell types are homologous at the level of molecular identity, we anticipate substantial conservation in the gene regulatory networks involved in cell-type specification. Because these cell types assemble into such different architectures, we do not expect full conservation of developmental mechanisms, particularly in the spatial and temporal organization of neuronal generation and migration. A clear example of differences in the cellular mechanism is the "inside-out" pattern of neocortical neuronal generation, where deep layer neurons are born first, more superficial neurons are born later, and newly born neurons migrate radially from the ventricular and subventricular zones past earlier-born neurons to settle in the cortical plate (43) . Cortex development in the turtle looks very different. First, turtle dorsal telencephalon has a ventricular zone without a discernable subventricular zone that may in mammals contribute to L4/I neurogenesis (44) . Second, turtle cortical neurons are produced in a brief temporal window, in a radial "outside-in" pattern with only minor medial-lateral and anterior-posterior gradients (45) . Because L4/I and L5/O neurons populate specific cortical fields, it seems likely that L4/I and L5/O neurons in the turtle are generated by spatial rather than temporal mechanisms, with some ventricular zone territories primarily devoted to generating L4/I or L5/O cell types. The generation of the chick pallium differs from that of mammals and reptiles; it has an "outside-in" pattern of neurogenesis, with radial migration away from the ventricular zone, followed by a massive anterior-to-posterior migration during the second half of pallial neurogenesis (46, 47) . These turtle and bird observations suggest that the differences in amniote dorsal telencephalon architecture are due to specific differences in the cellular aspects of development, such as the spatial arrangements of ventricular zone progenitor territories and the migration patterns of postmitotic neurons.
Our data establish that the neuronal circuitry of the avian telencephalon features cell types with the connectional and molecular properties of mammalian neocortical input and output neurons. In the bird, these neurons are not pyramidal in shape and do not participate in a neocortical architecture. Instead, the avian layer L4/I and L5/O neurons, like the other neurons of the bird pallium, are arranged into nuclei. These nuclei can, however, form highly structured processing centers, as seen in the sharply circumscribed components of the bird song system and the arrangement of Field L subnuclei into lamina with columnar interconnections (2, 48) . A modern evolutionary perspective would expect that the varied neuronal architectures of the amniote pallium-a multilayered neocortex, a cortex with a single cellular layer, or an amalgam of nuclei-are each likely to have specific advantages and specific limitations. A challenge for evolutionary neurobiologists is to understand which circuit properties are enabled and which are precluded in each of these design architectures.
Materials and Methods
Full methods are provided in SI Materials and Methods.
Chickens were harvested at hatching or between 2 and 3 wk of age. The juvenile chicks and adult mice, ferrets, turtles, and male zebra finches were deeply anesthetized with sodium pentobarbital (120 mg/kg) and perfused through the heart with 4% paraformaldehyde in 0.1 M PBS (pH 7.4). Fig. 6 . Structural diversity in the organization of conserved input and output cell types in amniote telencephalon. In the mammalian neocortex (Upper Left), input (green) and output (red) neurons are assigned to specific layers. In turtle dorsal cortex (Upper Center), the L4/I and L5/O cell types reside in a single layer but are partially segregated along the anterior-posterior axis. In the DVR (Upper Right) and avian Wulst, the L4/I and the L5/O cell types are segregated into nuclei. Bst, brainstem; dTh, dorsal thalamus; t. cortex, turtle dorsal cortex.
